Introduction
A chiral form is defined as one that, when seen in mirror-image, cannot be superimposed upon the original object. The human hand is a standard example, as left and right hands are non-identical 'enantiomorphs' of one another. Hence, for reference, the terms right-handed and left-handed or 'dextral' and 'sinistral' are normally used to indicate the two alternative forms of a chirally asymmetric structure. Among the Eumetazoa, conspicuous whole-body asymmetry and, consequently, chirality, only occurs in the Mollusca and some derived lower-level taxa like flatfishes, verrucomorph barnacles, and spirorbid polychaetes (Palmer 1996; 2004) . However, asymmetry of particular body-parts within an otherwise bilaterally symmetric body is a much more common phenomenon. Among the Arthropoda, claw asymmetry occurs in Crustacea, abdominal rotation in Diptera and Phasmatodea, mandible asymmetry in Thysanoptera, Orthoptera, and Coleoptera, and wing-cover asymmetry in Orthoptera (Palmer 1996; 2004) . A previously unexplored category of asymmetric body-parts among the Insecta are the genitalia. Although well-known among entomological taxonomists, who make intensive use of genital shape in identifying, describing, and classifying the objects of their study (Schilthuizen 2003) , asymmetry in insect genitalia, viewed in the light of the evolutionary biology of copulation mechanics, was systematically reviewed only recently (Huber et al. 2007 ). Huber et al. list a large number of cases of genital asymmetry in insects. They conclude that asymmetry evolved independently 'a few times within Dermaptera, Neuropterida, Plecoptera, and Siphonaptera; several times within Heteroptera, Homoptera, Psocodea, Trichoptera; and many times within Coleoptera, Diptera and ditrysian Lepidoptera.' However, adopting Palmer's (2005) terminology, they point out that almost all cases of asymmetry in insect genitalia are situations of directional asymmetry, where only one of the two possible enantiomorphs occurs in nature. Antisymmetry (where both enantiomorphs occur in equal frequencies) is very rare (see below). They also notice that genital asymmetry mostly involves males, whereas female genital asymmetry is both rare and, when present, inconspicuous. When the incidences of male and female genital asymmetry are superimposed upon an evolutionary tree, it becomes clear that female asymmetry usually evolves after male asymmetry. In addition, Huber et al. show that morphological asymmetry of the genitalia is correlated with the adoption of a one-sided asymmetric mating position, in which The evolution of chirally dimorphic insect genitalia
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Many insect species have asymmetric (male) genitalia. A recent review of the literature (Huber et al., 2007) shows that this can be explained by structural and mechanical advantages, sometimes in association with a lateral mating position. Although asymmetry could in principle lead to antisymmetry (the occurrence of two mirror-image morphs of the same chiral shape within a species), Huber et al. report that this condition is very rare, due to yet unrevealed causes. This makes the small collection of cases where antisymmetry does occur particularly interesting from an evolutionary viewpoint. Here, I review these cases and, based on studies of antisymmetry in other organisms, I propose testable hypotheses for explaining the maintenance of antisymmetry in insect genitalia. Menno Schilthuizen, National Museum of Natural History 'Naturalis', P.O. Box 9517, 2300 RA Leiden, the Netherlands. Schilthuizen@naturalis.nl the male consistently enters the female from one preferred side. Based on these observations, Huber et al. propose several hypotheses for the evolution of genital asymmetry, without being able to find a single general explanation. They also acknowledge that none of their hypotheses explains the dominance of directional asymmetry over antisymmetry. An analogy with land snails (Gastropoda: Pulmonata) may be advantageous to make further progress in understanding insect genital asymmetry. In land snails, directional asymmetry is similarly dominant: most species are dextral, few are sinistral, and only in a few rare cases does antisymmetry exist within a species. Studies have shown that, although asymmetry in Gastropoda concerns the entire body, the driving force for both directionality and antisymmetry is sexual selection and genital match (Schilthuizen & Davison 2005; Schilthuizen et al. 2007 ). Below, I will offer a closer look at those cases of genital antisymmetry in insects that are known, and attempt to use these to generate targeted research questions that may help understand the evolution of insect genital asymmetry.
Synopsis of the known cases of antisymmetry in insect genitalia
Odonata: Calopteryx haemorrhoidalis (Van der Linden) Córdoba-Aguilar (2003a) describes a population from southwestern Spain, in which the number of mechanoreceptive sensilla on the vaginal plates in females differ between the left and the right valve. These sensilla respond to the passing of an egg, and stimulate the ejection of sperm. The same happens when the (egg-shaped) penis enters the vagina, which is interpreted as an example of sexually antagonistic selection (Rice 1996) , where the male 'tricks' the female physiology into dumping sperm of a previous mate. Without giving the exact numbers of sensilla on each plate, Córdoba-Aguilar reports that of 27 females, 16 had more sensilla on the left plate, five had more sensilla on the right plate, and six had similar numbers on both plates. The author performed experiments in vivo and showed that when an egg passes through a vagina with left-biased sensilla on the vaginal plates, the left spermathecal duct contracts, and vice versa (again, exact data are not given). The males do not show any asymmetry. Córdoba-Aguilar argues that a female with fewer sensilla on one plate may be able to retain more prior sperm during a copulation, because of understimulation of one spermathecal duct. In a comparative study of related calopterygids, Córdoba-Aguilar (2003b) mentions asymmetry in vaginal plate sensilla number in many other species, but does not specify whether these are also cases of antisymmetry. Mika (1959) describes a case of antisymmetry in the recaptaculum seminis of the female locust. In rostral direction, its entrance (the ductus receptaculi) narrows and then bends sharply right (in 35 of 47 females) or left (in 12 of 47 females) in a loop. Further rostrad, it then forms a spiral, which, after 2.5 whorls, returns on itself (forming an inner and an outer spiral) and then ends in a terminal sack (the receptaculum proper), situated within the loop. Mika only figures a situation with a left-bent ductus, which then proceeds to form a dextral spiral (twisted clockwise). From Mika's description, it remains unclear whether the spiral in a right-bent ductus is sinistral. However, in Albrecht's (1953: 71) illustration of the Locusta migratoria female reproductive system, the ductus is shown bent to the right, and to form a spiral that appears to be sinistral. Hence, the entire recaptaculum seminis may be chirally dimorphic, not only the loop.
Orthoptera: Locusta migratoria (Linnaeus)

Dermaptera: Anisolabis littorea (White),
A. maritima (Bonelli), and Euborellia plebeja (Dohrn) Giles (1961) , in describing the condition of the paired penes of A. littorea, writes: '[O]ne or the other of the mesal lobes is bent to face forward; this is normally the longer of the two and is partly everted. It seems a matter of chance which remains straight, for of 32 males of Anisolabis littorea examined, 17 had the left lobe straight and 15 the right' (Fig. 1) . Kamimura & Matsuo (2001; see also Schilthuizen [2001] ) report similar proportions for A. maritima (123 versus 119 males with the left or right penis lobe folded, respectively) and Euborellia plebeja (16 versus 13 males with the left or right penis lobe folded, respectively). They also show that in each individual, and contrary to Giles's (1961) assertion, both lobes are functional for copulation, not just the straight one, and that the presence of two lobes possibly is maintained to have a 'spare' in case one lobe is damaged during copulation.
Mantodea: Ciulfina baldersoni Ginn & Holwell, C. rentzi Ginn & Holwell, and C. biseriata (Westwood) In Australian praying mantids of the genus Ciulfina, several species exist with antisymmetry in the 'phallic complex' (Balderson 1978; Holwell & Herberstein, unpublished) . Balderson (1978) mentioned the existence of dimorphism in one, at the time
